
Chapter 13
Interaction Networks of Ribosomal
Expansion Segments in Kinetoplastids

Quentin Vicens, Anthony Bochler, Amy Jobe, Joachim Frank,
and Yaser Hashem

Abstract Expansion segments (ES) are insertions of a few to hundreds of
nucleotides at discrete locations on eukaryotic ribosomal RNA (rRNA) chains. Some
cluster around ‘hot spots’ involved in translation regulation and somemay participate
in biogenesis. Whether ES play the same roles in different organisms is currently
unclear, especially since their size may vary dramatically from one species to another
and very little is known about their functions. Most likely, ES variation is linked to
adaptation to a particular environment. In this chapter, we compare the interaction
networks ofES from four kinetoplastid parasites,which have evolved in diverse insect
vectors andmammalian hosts:Trypanosoma cruzi, Trypanosoma brucei,Leishmania
donovani and Leishmania major. Here, we comparatively analyze ribosome struc-
tures from these representative kinetoplastids and ascertain meaningful structural
differences from mammalian ribosomes. We base our analysis on sequence align-
ments and three-dimensional structures of 80S ribosomes solved by cryo-electron
microscopy (cryo-EM). Striking differences in size are observed between ribosomes
of different parasites, indicating that not all ES are expanded equally. Larger ES are
not always matched by large surrounding ES or proteins extensions in their vicinity,
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a particularity that may lead to clues about their biological function. ES display
different species-specific patterns of conservation, which underscore the density of
their interaction network at the surface of the ribosome.Making sense of the conserva-
tion patterns of ES is part of a global effort to lay the basis for functional studies aimed
at discovering unique kinetoplastid-specific sites suitable for therapeutic applications
against these human and often animal pathogens.

Keywords Expansion segment · Kinetoplastid parasite · Ribosome structure ·
Ribosomal RNA · Eukaryotic translation

Why Expansion Segments?

Because protein synthesis is a universal necessity for all organisms, ribosome func-
tion, overall shape and core architecture are conserved across species. Yet, ribosome
composition varies considerably among different domains of life. For example, ribo-
somes fromyeast andhumanare respectively~40and~85%larger thanbacterial ribo-
somes (Melnikov et al. 2012). In addition to comprising more proteins than bacterial
ribosomes, eukaryotic ribosomes also contain elongated ribosomal RNAs (rRNA).
This ‘extra RNA’ forms expansion segments (ES) (Clark et al. 1984; Hassouna et al.
1984; Ware et al. 1983).

Whether ES are all mere additions that are tolerated by the translation machinery,
or whether they have important regulatory roles remains for the most part an open
question. Most ES protrude outside of the highly conserved ribosomal core (Bernier
et al. 2018; Melnikov et al. 2012). Their size varies across species, although their
patterns of insertion are conserved (Gerbi 1996). We know from early structural
studies thatESand associated proteins portions comprise somewhat flexible substruc-
tures on the solvent-facing side, where they may interact with one another and with
proteins to form an outer layer (Anger et al. 2013; Armache et al. 2010; Gao et al.
2005). This web-like organization is more rigid where contacts with the ribosome
core are tighter, which argues against a superfluous nature. ES are generally best
perceived as peripheral elements that facilitate folding, assembly, or activity. In this
view they are to some extent similar to often observed insertions of >200 nt reported
in other ribozymes (e.g., group I introns, RNase P, and hammerhead) (Kachouri et al.
2005; Lehnert et al. 1996; Michel and Westhof 1990; Westhof and Massire 2004;
Przybilski et al. 2005).

What do we currently know about the function of ES? On the small ribosomal
subunit (SSU) of protozoan ribosomes, for instance, a network of three ES (ES3S,
ES6S, ES7S) span >150 Å in the vicinity of the mRNA exit channel (Gao et al.
2005; Hashem et al. 2013b). This cluster of ES could to be involved in translation
initiation through the regulation of recruitment of initiation factors such as eIF3
(Hashem et al. 2013a, b). We currently hypothesize that this platform is required for
translation of protozoan mRNAs, which have particular features compared to most
know eukaryotic mRNAs (a hypermodified cap, presence of a 39-nt leader sequence
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that is trans-spliced to the 5′ UTR of all kinetoplastid mature mRNAs) (Gao et al.
2005; Hashem et al. 2013b). ES may also participate in ribosome biogenesis, as
illustrated by the finding that 12 out of the 16 ESs on the large subunit (LSU) of the
yeast ribosome are required for optimal growth and correct 25S rRNA processing
(Ramesh and Woolford 2016). The roles associated with certain ES in a particular
organism may be conserved across various species. For instance, ES27L on the LSU
was shown to be consistently alternating between two positions (near L1 and the
peptide tunnel exit) from the structures of the human, wheat, fly and yeast ribosomes
(Anger et al. 2013; Armache et al. 2010; Beckmann et al. 2001). This observation
suggests a similar role, especially since replacing ES27L with that of another species
restores function (Sweeney et al. 1994).

In this chapter, we focus on ribosomal ES from the Trypanosoma genus (ES in
other eukaryotes have been discussed elsewhere Anger et al. 2013; Li et al. 2017).
Tritryps kinetoplastid parasites, i.e. Trypanosoma cruzi, Trypanosoma brucei spp.
and Leishmania spp. are human pathogens causing the Chagas disease, African
trypanosomiasis and leishmaniasis, respectively. Chagas disease alone affects eight
million people in the Americas (PAHO 2017), and due to migration flows it has now
emerged in non-endemic countries such as Spain and the United States [>300,000
infected individuals in the US (Bern and Montgomery 2009)] (Gascon et al. 2010).
Current treatments rely on toxic drugs that are often effective only during specific
stages of the disease, further highlighting the urge to develop new strategies for
targeting these parasites (Field et al. 2017). Being highly distinctive from those
of mammalian ribosomes (Gao et al. 2005; Hashem et al. 2013b), theses ES in
kinetoplastids could potentially be promising targets for therapeutic applications.
However, efficiently targeting kinetoplastid-specific ES requires a deep structural
understanding of their organization and their function, which is themotivation behind
the comparative analysis we present here.

Expansion Segments in Kinetoplastid Ribosomes Are Large
but Structurally Organized

Biochemical and structural studies on ribosomes from kinetoplastids pinpointed
unique features for two Trypanosoma species. The first structure of the ribosome
from T. cruzi was solved at 12 Å resolution (Gao et al. 2005) and that of T. brucei
brucei (referred to as T. brucei in the following) at 5.6 Å resolution (Hashem et al.
2013b). We can now compare these structures to higher-resolution structures of the
80S ribosome from L. donovani (Zhang et al. 2016; Shalev-Benami et al. 2016,
2017) and T. cruzi (Liu et al. 2016; Querido et al. 2017), which we revised and/or
expanded from the published models (Fig. 13.1a, b). We also include in this anal-
ysis a previously unpublished structure of the L. major 80S ribosome (Fig. 13.1c)
at ~5 Å resolution (the structure can be shared upon simple request. Images were
collected on an FEI Polara electron microscope equipped with a Gatan Summit
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Fig. 13.1 Strategy for
modeling flexible expansion
segments in ribosomes.
a Modeling the complete T.
cruzi 80S at 4 Å resolution.
We modeled expansion
segments in the SSU of our
previously published model
[PDB ID: 5OPT Brito
Querido et al. 2017; Pitula
et al. 2002; Ayub et al.
2012)]. We also included
coordinates from a
2.5 Å-structure of the 60S
particle from T. cruzi [PDB
ID: 5T5H (Liu et al. 2016)].
RNA and protein elements
were added (a total of 1816
nucleotides and 810
aminoacids) are shown in
red. Residues built within
density limits (~8 to 15 Å)
are shown in ribbon mode,
while residues beyond are
shown as surfaces. Insets
illustrate representative
regions of the original
unfiltered maps. Dashed
boxes point to regions
located on the side of the
ribosome hidden from view.
b The quality of the L.
donovani electron density
map at 2.9 Å resolution
[PDB ID: 5T2A (Zhang et al.
2016)] enabled us to add 873
nucleotides and 802
aminoacids to the original
model (in red). c The revised
model of the L. donovani
ribosome was used as the
basis for building the
structure of the ribosome
from L. major at 5 Å
resolution. The L. major map
and coordinates will be
deposited in the PDB
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K2 Camera. After image processing, nearly 150,000 particle images were used in
the final reconstruction). Sequence conservation between the L. donovani and L.
major ribosomes is >98% (rRNA) and >97% (r-protein; except for eS24 ~ 93%).
Our strategy was to model the ES for these four species of kinetoplastids according
to rRNA structural alignments that we generated using non-redundant sequences in
SSU-Align (Nawrocki 2009), which we manually adjusted in Ugene (Okonechnikov
et al. 2012) and validated using R-scape (Rivas et al. 2017). Because of their high
level of flexibility, in many cases it was not possible to directly model some ES in
their cryo-EM map densities (Fig. 13.1a, b), as had been done previously for other
eukaryotic ribosomes (Anger et al. 2013).

A side-by-side comparison of the ribosomes fromT. brucei,L. donovani,L.major,
and T. cruzi reveals that many ES are several-fold larger than their counterparts in
mammals (Fig. 13.2). Although the 28S rRNA in the LSU of T. brucei and T. cruzi is
halfway in size between yeast and human, their 18S in the SSU is >20% longer than
their human counterpart (Table 13.1). Most of this extra rRNA sequence is found
within ES6S and ES7S that are inserted in helices 21 and 26. ES6S and ES7S are
respectively 230 and 17 nucleotides long inH. sapiens, but 429 and 136 and 512 and
164 nucleotides long in L. major and T. cruzi. ES6S, ES7S. It should also be noted
that ES9S and ES31L adopt kinetoplastid-specific tertiary structures and they cluster
around the mRNA channel exit. In particular, ES6S, ES7S and ES9S are located at a
very strategic region where initiation factor 3 is known to bind in mammals, forming
bridges between the LSU and SSU that are not found in other eukaryotic ribosomes
(Hashem et al. 2013b).

From aligning more than 80 sequences for the SSU and 25 for the LSU, we found
that all ES from kinetoplastids have a conserved structure, with large extensions
for some helical regions (Figs. 13.3 and 13.4). This confirms and expands on prior
findings obtained with fewer than ten kinetoplastid sequences for all ES (Hashem
et al. 2013b), and with 3000 eukaryotic sequences for ES6S only (Wuyts et al. 2000).
The proportion of conserved versus variable regions varies among ES, with ES3S
(~200 nt long) being the most conserved. Large size variations are observed even
among kinetoplastids. For example, ES6S, ES7S, ES7L, ES19L and ES27L have
a comparable size among the genera Angomonas, Herpetomonas and Phytomonas.
The same ES are significantly larger in Leishmania and Trypanosoma species, the
largest being found in T. cruzi. Although ES3S, ES9S, ES10S and ES31L are all
larger in Leishmania spp. and in T. brucei than in T. cruzi, the size differences remain
relatively modest (Table 13.1).

Expansion Segments Form Kinetoplastid-Specific
Interaction Networks

The overall high degree of ES conservation can be explained by interaction networks
at the ribosome surface. For example, in all cryo-EM structures of kinetoplastids,
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Fig. 13.2 The complex outer layer of expansion segments at the surface of ribosomes from kineto-
plastids. a Secondary structure schematic for the LSU and SSU rRNA of kinetoplastids. Expansion
segments are highlighted in colors and labeled according to conventional numbering (Gerbi 1996).
b Overall structure of the 80S ribosomes from four kinetoplastids, viewed from the mRNA L1-
stalk side (left) and SSU beak sides (middle). Ribosomes are shown in surface view, except for ES
rendered as ribbons and colored as in panel (a). (Right) Ribosome structures from other organisms
are shown from the L1-stalk side as a reference (references in the main text)
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Table 13.1 Size comparison of SSU and LSU expansion segments

L.
donovani

L.
major

T. cruzi T. brucei S. cerevisiae D.
melanogaster

H.
sapiens

ES2S 22 22 22 22 18 16 21

ES3S 147 147 148 156 113 121 159

ES6S 429 429 512 406 222 300 230

ES7S 138 136 164 159 17 17 17

ES9S 76 76 76 89 45 151 52

ES10S 17 20 20 29 5 5 7

ES12S 25 25 26 26 38 41 43

Total for
SSU

854 855 968 887 458 651 529

ES5L 42 42 47 47 45 50 50

ES7L 203 203 291 219 200 331 866

ES15L 32 30 39 32 15 41 189

ES19L 58 58 124 63 29 25 39

ES27L 213 213 323 234 159 222 714

ES31L 237 236 220 235 70 208 85

Total for
LSU

785 782 1044 830 518 877 1893

Total
number
of ES
ntds

1639 1637 2012 1717 976 1528 2422

The number of nucleotides is indicated for every conserved ES in seven eukaryotic species

ES3S is tightly packed as it forms the left foot of the SSU (Fig. 13.3a). ES3S interacts
with ES2S, domains B and D of ES6S (Fig. 13.4a), ES12S (forming the right foot
of the SSU) and r-proteins eS4, eS6, eS8 and KSRP (Fig. 13.3a, b). The structure
of the pseudoknot formed between ES3S and ES6S is conserved across parasitic
and eukaryotic ribosomes of known structures, as reported earlier (Armache et al.
2010; Alkemar and Nygard 2006; Hashem et al. 2013b; Zhang et al. 2016). The
kinetoplastid-specific r-protein (KSRP) that we identified in T. cruzi (Brito Querido
et al. 2017) is similarly bound to ES3S and ES6S in Trypanosoma and Leishmania,
through its two conserved RNA recognition motifs (RRM) and a C-terminal helix
that also interacts with eS6 (Fig. 13.3c). The only variable region within ES3S is
the Ab stem, which nonetheless conserves its spatial arrangement as it bends around
eS8 in the four kinetoplastids models (Fig. 13.3d). It is important to emphasize that
ES3S simultaneously displays structural characteristics conserved in all eukaryotes
(pseudoknot with ES6S) and unique features only found in kinetoplastids (KSRP
binding).
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Fig. 13.3 Conservation of interaction networks between kinetoplastids. a Interaction network and
consensus secondary structure of ES3S. Note that ES2S forms a hairpin at the 5′ of h8. Statistically
significant covarying base pairs are shown in green [E-value <0.05 (Rivas et al. 2017)]. This and
subsequent covariation models were generated using R2R (Weinberg and Breaker 2011). b Close-
up of the left foot of the ribosome from L. donovani, showing the arrangement of several ES and
r-proteins. c Conserved binding of KSRP, which interacts with ES3S, ES6S and eS6. d Conserved
spatial arrangement of stem Ab of ES3S and r-protein eS8. Sequence alignments for all ES are
available directly from the authors upon request



13 Interaction Networks of Ribosomal Expansion … 441

Fig. 13.4 Sequence and structure variability among ES is significant but localized. a Interaction
networks and consensus secondary structures of ES6S and ES7S (color-coding as in Fig. 13.3).
b Conformational variability as a function of the length of certain ES across kinetoplastids. Top:
The size of ES7S barely changes across kinetoplastids, in contrast to that of ES6S. The increasing
size of ES6S leads to displacement of ES7S helices. The regions covered by the electron density
maps (grey) are shown as ribbons, while the sections modeled beyond the limit of the current
experimental maps are shown as surfaces. Bottom: Conformational changes in particular of ES31L
occur as the length of the surrounding ES19L and ES27L increases
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Even for larger and more variable ES such as ES6S and ES7S, their core shows
a high degree of conservation (Fig. 13.4a), supporting a conserved topology. ES6S
is the largest ES on the SSU (400–500 nt) and its highly conserved domains A–D
interact tightly with r-proteins and KSRP at the SSU solvent-exposed surface. ES6S
interacts also with ES7S, which is of a similar size in T. cruzi and T. brucei, and
~25% larger in T. cruzi than in L. donovani. In contrast to stem Ab in ES3S, whose
length changes only slightly across parasites, stems E1–E3 in ES6S roughly double
in size from T. brucei through Leishmania to T. cruzi (Fig. 13.4a, b). As a result,
the number of stem-loops protruding into the solvent is different among parasites
(Fig. 13.4b). Both the nature and the presence of these stems dictate the positioning
of the conserved stems of ES7S, which are possiblymore conformationally restricted
in Leishmania and T. cruzi than in T. brucei. Note that although the lack of density
prevented pinpointing the exact location of the expansions seen in E2 and E3, the
interaction between E3 and ES7S seen in T. brucei cannot occur for the other three
model parasites, where E3 is much longer (Fig. 13.4b). These structural differences
probably reflect the dynamicproperties of this area,which is a ‘hotspot’ for translation
initiation regulation (Hashem et al. 2013a).

ES 9S, 10S and 12S, on the other hand, are among the smallest SSU ES. ES12S,
for example, is an extension of h44 by 9–10 base pairs in all kinetolastids, while
ES10S exists as a 5–9 base pair stem only in T. brucei, T. congolense, T. simiae, and
T. vivax (Fig. 13.5). The shorter ES seem to follow a similar trend as the longer ES,
thus presenting conserved cores and variable stems.

On the LSU, ES are concentrated on two regions, the L1-stalk region, and the
solvent-exposed face (Fig. 13.2b). The ES at the solvent-exposed face appear less
interconnected compared to the SSU ES. ES7L is isolated from the other sizable
LSU ES. It presents a two-pronged fork shape (Figs. 13.6a and 13.7c). Because
of its numerous interactions with r-proteins (Fig. 13.6a), its densities are relatively
well resolved and present a good local resolution. It forms a pseudoknot with the
small ES15L (Fig. 13.6b, d). Another more isolated ES is 5L (also called ES42L)
(Fig. 13.6e). Although situated close to ES7L, no direct interactions were observed
with the latter. ES42L presents a high level of sequence conservation and interacts
with r-proteins eL8, eL15 and uL29 (Fig. 13.6e).

On the other hand, LSU ES near the L1-stalk region are interconnected, where
ES19L, ES27L and ES31L are clustered (Figs. 13.2b and 13.6). The length of ES31L
varies only within a range of ~20 nucleotides among kinetoplastids, while that of
ES19L and ES27L increases by ~50% between L. donovani and T. cruzi (Table 13.1).
As a result, stem F of ES31L adopts different orientations in the various structures,
where it is constricted to various degrees by nearby ES (Fig. 13.4b). ES31L is highly
structured, as it comprises four nested three-way junctions but a high degree of
sequence variability (Fig. 13.6h). Although ES31L possesses a complex predicted
tertiary structure, its cryo-EM corresponding densities are poorly resolved in all four
kinetoplastid model ribosomes, probably because of its high flexibility. Although
ES31L interacts with r-proteins eL27 and eL34 (Fig. 13.6h), the bulk of its rRNA is
not stabilized by any other r-proteins, which explains its high level of flexibility. The
cryo-EM reconstructions from several kinetoplatids strongly suggest its interaction
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Fig. 13.5 Covariation analysis of SSU expansion segments. Consensus sequences and secondary
structures for ES9S, ES10S and ES12S, with interacting partners as on Figs. 13.3 and 13.4
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Fig. 13.6 Covariation analysis and interaction networks of LSU expansion segments. a Consensus
sequence and secondary structure for ES7L. b Close-up of the pseudoknot formed by ES7L and
ES15L in T. cruzi and T. gondii [PDB ID: 5XXB (Li et al. 2017)]. c Close-up of the region at the
top of stem A1 of ES7L in L. donovani and H. sapiens. d–f Consensus sequences and secondary
structures for ES15L, ES5L (also known as ES42L) and ES19L (interacting partners are not shown
for H16–20). g Close-up of the region comprising ES19L and ES31L. h–i Same as (d–f) for ES31L
and ES27L
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Fig. 13.6 (continued)

with ES19L and ES27L because of its proximity to the latter ES (Figs. 13.2b and
13.6g). ES19L appears as an elongated stem of a relatively well resolved mass of
density that shows its interactions with r-proteins eS27 and uL23, but also with
srRNA1 (Fig. 13.6f). It is interesting to note that ES31L and ES19L interaction
occurs indirectly through r-protein eL27 (Fig. 13.6f, h). Last but not least, ES27L
contains two three-way junctions conferring it an elongated shape with two grafted
branches protruding toward the solvent (Fig. 13.6i). It interacts directly with ES31L
and r-proteins eL19 and eL22 (Fig. 13.6i). Thus, all three, ES 19L, 27L and 31L
form an interconnected bundle of rRNA near the L1-stalk on the LSU (Fig. 13.2).
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Fig. 13.7 Compensatory interaction networks on the LSU. a Superimposition of the ribosomes
from T. cruzi (light shades) and H. sapiens [PDB ID: 4V6X; dark shades (Anger et al. 2013)]. The
view is from the top of that shown in panel 22.4b, after removing regionsmodeled outside of density.
b Close-up of the location where eL34 binds ES31L in kinetoplastids, and of the corresponding
region in the human ribosome (PDB ID: 4V6X). For kinetoplastids, the number of the last residue
modeled in density as well as the total length of the r-protein are indicated. c Close-up of ES7L
bound to uL4 in kinetolastids, and of the corresponding region in the T. gondii ribosome [PDB ID:
5XXB (Li et al. 2017)], where an elongated uL4 interacts with uL16

Finally, it is worth mentioning that expansion segments may have a conserved
structure even in the absence of sequence conservation, as exemplified by ES7S
(Figs. 13.2 and 13.4b), and subdomain A3 of ES7L (Figs. 13.6a and 13.7c).
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Compensatory Interaction Networks

Compensatory interaction networks are widespread on the LSU, as previously
observed upon comparing ribosomes from yeast, wheat, fly, human and several para-
sites (Anger et al. 2013; Armache et al. 2010; Li et al. 2017; Hashem et al. 2013b).
For instance, the larger ES31L in kinetoplastids (70 nt in yeast, 85 nt in human,
but 220–237 nt in kinetoplastids) fills the space occupied by an extended helix from
the 714 nt-long ES27L in humans, without altering the binding mode of eL27 and
eL8 (Fig. 13.7a). Another example is the conserved stem A1 of ES7L that packs
against eL6, eL32 and eL33 but not eL28, in contrast to ES7L of other eukaryotic
ribosomes (Anger et al. 2013; Ben-Shem et al. 2011; Hashem et al. 2013b; Li et al.
2017) (Fig. 13.6a, d). Moreover, although the pseudoknot formed between ES7L
and ES15L is similar to that in T. gondii (Fig. 13.6b, d), the long-range interaction
involving the shallow groove of ES7L and a loop from ES39L in human is replaced
by interactions with srRNA3 (Fig. 13.6c).

Size increase ofES is often accompanied by extensions of r-proteins (Hashemet al.
2013b; Li et al. 2017). For example, the eL34 r-protein is extended in kinetoplastids
by ~50 amino acids compared with human eL34, which can be explained by a larger
ES31L (Fig. 13.7b). It therefore came as a surprise that the length of uL4 remains the
same across kinetoplastids, even though stemA3 of ES7L nearby dramatically varies
(Fig. 13.7c). Nevertheless, exceptions can be observed, such as in P. falciparum and
T. gondii where ES7L is of a similar size compared to that of T. brucei (~290 nt).
However, uL4 is elongated by ~40 amino acids in P. falciparum and T. gondii, so that
it interacts with uL16 (Fig. 13.7c), a late binding protein during ribosome assembly
in yeast (Li et al. 2017; Ma et al. 2017), with no obvious correlation with the size of
ES7L (Fig. 13.7c).

Concluding Remarks

In line with previous work that presented the structures, and underscored the impor-
tance of, expansion segments in other species (Armache et al. 2010; Beckmann
et al. 2001; Ben-Shem et al. 2011), this chapter illustrates that ES are not random
extensions with poor sequence conservation at the surface of ribosomes. Rather, ES
are organized so that they tightly interact with core rRNA and r-proteins, recruit
kinetoplastid-specific proteins, and act as dynamic gatekeepers. Some of these inter-
action networks are found in some but not all parasites, suggesting that the precise
role of ES may vary even among species from the same phylum. Through high-
lighting the importance of ES networks in the ribosomes of kinetoplastid parasites,
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this work expands the chacterization of kinetoplastid-specific features, in the hope
of stimulating the development of safer and more specific anti-parasitic therapeutic.
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